The socio-economic sector of West African countries is rain-fed agriculture driven. Information regarding the onset, cessation and duration of the rainy season is thus, very essential. In this paper, a comparison of the onset, cessation and duration of the rainy season has been carried out using simulated rainfall data from the fourth generation Regional Climate Model (RegCM4) and rain gauge measurements from Ghana Meteorological Agency (GMet), covering a period of 1998 to 2012. Similar onset and cessation dates were seen in both the simulated and guage rainfall measurements for the various agro-ecological zones, resulting in similar duration of the rainy season. The average duration of the rainy season were less than 200 days for the savannah and coastal zones whereas the duration of the rainy season were beyond 200 days for the forest and transition zones. The bias of these comparisons was less than 30 days and the root mean square error (RMSE) values were less than 15 days for all stations, except Saltpond. The Pearson's correlation (r) typically ranged between 0.4 and 0.8. However, negative correlations were observed for Tamale in the savannah zone, and the entire coastal zone. These findings are indications that RegCM4 has the potential to clearly simulate the movement of the rain belt, and thus, could fairly determine the onset, cessation and duration of the rainy season. The findings have significant contributions to effective water resource management and food security in Ghana, as the thriving of these sectors depend on the dynamics of the rainfall seasons.
Introduction
Rainfall is a major factor that determines crop choice and yield, as well as, success of other socio-economic activities in West Africa. The variability of rainfall onset, cessation and duration affect planting (sowing) dates, crop growth, yield and food production [1] [2] . Moreover, projected rise in population by 2050, is a concern for food stability and natural resource base conservation, and thus, there is the need to investigate the variability of the onset, duration and cessation of the rainfall season over the West African Climate [3] . In Ghana, as in other West African countries, the knowledge on past and present onset, cessation and duration of the rainy season will inform prediction and planning of appropriate interventions towards ensuring yield stability.
In an earlier paper, Amekudzi et al. (2015) [2] extensively studied the variability of rainfall onset, cessation and growing season over the country using the rainfall amount and rainy days approach. Similarly, researchers like Olaniran (1983 Olaniran ( , 1984 [4] [5], Adejuwon et al. (1990) [6] and Odekunle (2006) [7] determined the onset and cessation of the rainfall season from only gauge data. Le Barbe et al. (2002) [8] , also studied the onset of rains over West Africa with annual oscillations of the weather zones characterizing the West African climate. Cocheme et al. (1967) [9] and Benoit (1977) [10] determined the onset and cessation of the growing season from the relationship between rainfall and evapotranspiration. Alternatively, Omotosho (2002) [11] used the Theta-E technique, which depends on the equivalent potential temperature.
Although numerous onset and cessation studies have been carried out, very few utilized an integrated network of gauge and regional climate models (RCMs). RCMs, in rainfall analysis over West Africa, have the potential to enhance prediction of onset, cessation and duration of the rainy season. For example, RegCM4 allows for the capturing of detailed climate variations over shorter spatial scales [12] . As a result, it may be able to simulate the movement of the rain belt, as well as, the position and strength of the Inter Tropical Discontinuity (ITD), with other associated changes which affect the rainy season. An added advantage is the ability of RegCM4 to capture complex terrain and land-use cover, allowing for the integration of regional topographic and vegetation effect within the model simulation [12] . This makes RegCM4 a useful model for simulating rainfall events over West Africa.
The goal of this paper is to inter-compare the onset, cessation and duration of the rainy season for Ghana using RegCM4 simulation and gauge data. This will provide the opportunity to test the potential of RegCM4 in simulating the rainfall events over West Africa. The paper is structured as follows: datasets and the study site are described in Section 2 with methodology given in Section 3. The results are discussed in Section 4 and finally, the conclusion of this study is presented in Section 5.
Study Area and Data Source

Description of Study Area and Rainfall Characteristics
The study area, Ghana, is divided into four agro-ecological zones (savannah, transition, forest, coast) based on GMet's classification [1] - [3] . Rainfall over the country is linked with the annual forth and back passage of the ITD. The savannah zone is characterized by a unimodal rainfall pattern, with August being the peak rainfall month in the zone. Over the years, the agricultural potential in this zone has been significantly affected by high rainfall variability and poor soils [1] [13] . The transition zone lies between the savannah and the forest zones. Rainfall within the transition is bimodal, with September to October being the peak rainfall months. The forest zone covers the central part and the south-western coast of the country. Rainfall pattern for the forest zone is also bimodal, with June as the peak rainfall month. A minor peak occurs in October, within the minor season. The major and minor rainfall seasons are separated by the so-called Little Dry Season, occurring in August [8] . This dry spell could last for 3 to 6 weeks within a year. The coastal zone covers the low grassland coastal strip of south-eastern Ghana, where rainfall pattern is bimodal and June is the peak rainfall month. The onset, cessation and duration of the rainy season within the four agro-ecological zones follow the migration of the ITD. None-theless, local topographical features such as orographic effect, foehn winds and nature of the coastline could also contribute to the rainfall system [2] [8] [14] . With respect to agriculture, the forest and transition zones are the most productive zones of the country, and are often referred to as the cash crop and food basket of the country [15] .
Data Source
Daily rainfall data from twenty (20) synoptic stations over Ghana (see Figure 1) , from 1998 to 2012 were sampled from GMet. Like other meteorological agencies under the World Meteorological Organisation (WMO), GMet employs WMO's standards in its rainfall measurements. However, there may exist minor inconsistencies in the rainfall measurements, such as evaporation and wetting losses and wind induced errors. However, the rain gauges were wind shielded, hence wind induced, evaporation and wetting losses were negligible [2] .
Furthermore, RegCM4 was used to simulate rainfall for the 20 respective stations. RegCM4 is a regional climate model of the Earth Science Department of the Abdus-Salam International Centre for Theoretical Physics (ICTP) [12] . The model is hydrostatic and with discrete finite-difference and vertical sigma coordinate. The RegCM4 was developed for simulating long-term regional climate and has been used in various regional model intercomparison projects [12] [16] [17] and paleo-to future climate projections. The model simulations were ran at a spatial resolution of 15 km and with 18 vertical levels over Ghana. The simulated rainfall data were further downscaled to the 20 respective synoptic stations at a daily temporal resolution. 
Methodology
Determination of Onset, Cessation and Duration of Rainy Season
The fuzzy-logic approach was used in determining the onset, cessation and duration of the rainy season. The onset date for the rains was defined as the first day of a 5-day period with a total of at least 20 mm of rainfall recorded. Also, the starting day and at least two other days in this 5-day period must be wet (at least 1 mm of rainfall recorded), with no dry spell of seven or more consecutive days occurring in the subsequent 30 days [18] . Onset dates were calculated from Equation (1), given by ( )
where OD is the onset date and D is the total number of days in first month with effective rain (MER: the accumulated rainfall totals equal or exceeds 20 mm). F (mm) is the accumulated rainfall total of earlier months and R is the accumulated rainfall within the MER. Rainfall cessation dates were also calculated using Equation (2), given by
where CD is the cessation date and is defined from the equation as any day from 1st October after which there are more than 7 consecutive days of rainfall with amounts below 50% of the soil water requirement and b denotes the number of days in which there is maximum build-up of pre-season moisture. The duration of the rainy season is the difference between the cessation and onset, which is expressed as (CD − OD + 1).
Validation
Three statistical measures, described in [2] [19] and [20] were used to assess the agreement between the gauge and RegCM4 onsets and cessation. The bias, Pearson's correlation (r xy ) coefficient and root mean square error (RMSE) are given in Equations (3), (4) and (5). 
where x is the gauge data, y is the RegCM4 model data, μ x and μ y are the arithmetic mean of x and y respectively and S x and S y are the standard deviation of x and y respectively.
Results
Rainfall Onset
The onset of rains was determined from both the gauge and the RegCM4 model rainfall data over the 20 synoptic stations. For the stations in the savannah zone, the mean rainfall onset dates were determined to be the third dekad of April and the first dekad of May for the gauge and model respectively (see Table 1 ). In the transition zone, the mean rainfall onset date was identified in the first and second dekad of April for the gauge and model respectively. The mean rainfall onset for the forest zone was found to be in the third dekad of March for both gauge and model. Onsets for the forest zone were much earlier than the transition zone and this is possibly due to the gradual migration of the ITD northwards. Moreover, the similar onset dates identified for both gauge and the model is an indication of good performance of the model in estimating the onset of the rainy season in the forest zone. The model however underperformed in its estimation of the onset of rains over the coastal zone, with mean rainfall onset dates located in the first and third dekad of April for the gauge and model respectively. On the whole, earliest onsets were observed at Akim-Oda and Ho in the forest zone whereas the model identifies the earliest onsets at Saltpond in the coast and Akuse and Ho in the forest zone (see Table 1 ). The latest onsets, as identified by the gauge, were at Navrongo and Tamale in the North, Kete-Krachi, in the transition, and Accra and Tema, in the coast (see Figure 2(a) ). The RegCM4 model, however, identified the savannah stations to be the receipients of the late onset of rains (see Figure 2(b) ), which is a confirmation of an earlier study by [2] .
Rainfall Cessation
The mean rainfall cessation dates, for the savannah zone, were determined to be the second dekad of October for both the gauge and RegCM4 model. The model rightly captured the cessation of rainfall in the savannah zone. In the forest zone, the mean cessation was found to be in the second dekad of November for the gauge and the first dekad of November for the RegCM4 model. The cessation dates are similar and again this is an indication of better performance of the model in estimating the cessation of rains in the forest zone. Furthermore, the mean rainfall cessation dates were also identified to be within the third dekad of November for gauge and the second dekad of November for the model. Finally, the first dekad of November and the third dekad of October were observed as the mean cessation dates for the gauge and model respectively, in the coastal zone. The model again underperformed in estimating the cessation date of the rainy season for the coastal zone. Rainfall cessation, over the entire country, was observed after September. The latest cessation, as observed from the gauge, was at Wenchi and Kete Krachi in the transition zone. The RegCM4 model also identified Wenchi as the station with the latest cessation (see Figure 2 (c) and Figure 2(d) ). Table 3 show the mean rainfall onset dates with the duration and cessation dates for each station from the gauge measurements and RegCM4 model respectively. Figure 2 also gives a graphical representation of the mean onset and cessation dates of the rainy season for all stations from both the gauge and model.
Duration of Rainy Season
As represented in Table 2 and Table 3 , the maximum duration of rainy season from the gauge was found to be 250 days for Ho, followed by Wenchi with 242 days. The minimum duration in Ghana was found to be for Navrongo with 183 days. From the model, the maximum duration of the rainy season was recorded at Saltpond with 264 days, followed by Wenchi with 249 days. The minimum duration for the rainy season was recorded at Tamale with 160 days. On average, the forest and transition zones recorded the longest rainy season whereas the savannah and coastal zones recorded relatively shorter rainy seasons, with a total of less than 200 days. The mean rainfall within these zones are normally observed to be between 740 mm and 890 mm, which supports very little rain-fed agriculture. Rainfall patterns for the forest and transition zones are bi-modal and rainfall values are typically higher than that of the coastal and savannah zone. However, the peak rainfall of the transition is mainly in September and that of the forest is in June. These zones tend to have a longer growing season and as such, form the productive zones of the country in terms of cash crop and food production [2] .
Validation
The upper panels of Figure 3 show the bias between the gauge and model in determining the rainfall onset, cessation and duration of the rainy season respectively. There is quite a good agreement between the two datasets in determining the rainfall onsets, with bias of less than 30 days countrywide. However, a large disparity in onset determination is observed for Saltpond, with a bias of about 60 days. This is followed by that of Sunyani, Akatsi, Akim-Oda and Wenchi, with bias of about 40 -50 days. Estimation of cessation dates from gauge rightly agrees with that of the model, over the entire country, with bias of less than 30 days. Hence, the bias in the duration of the rainy season is largely attributable to the disparities in onset estimation and not necessarily that of cessation. These are further corroborated by the RMSE values obtained for each station, as shown in the lower panel of Figure 3 . A high RMSE is again seen for the onset determination at Saltpond, Wenchi, Akatsi, Sunyani and Akim-Oda: an indication of the disparity in onset determination between the gauge and model. RMSE between the gauge and model were less than 10 days over the other stations. RMSE for the cessation dates were also below 15 days. Furthermore, Pearson's correlation was performed to test the agreement between onset and cessation determination for both gauge and model. Correlation coefficients for both the rainfall onset and cessation dates typically ranged between 0.4 and 0.8. Negative correlations were observed for Tamale and the entire coastal zone. These are likely attributable to the poor performance of the RegCM4 model in determining the rainfall onsets over the aforementioned locations. The correlation for the cessation was generally low over the country. However, Akuse, Wenchi and Navrongo showed higher correlations.
Conclusions
In this paper, we investigated the onset, cessation and duration of the rainy season using both simulated rainfall data from RegCM4 model and GMet gauge data, over Ghana from 1998 to 2012 using the fuzzy-logic approach. The mean onsets from both the gauge and model were found to be within the second dekad of March and first dekad of May countrywide. On the other hand, the mean cessation was identified from RegCM4 to be in the third dekad of October whereas the gauge found the third dekad of October to the second dekad of November as the mean cessation date. Furthermore, the average duration of the rainy season was found to be less than 200 days in the savannah and coastal zones whereas the transition and forest zones recorded more than 200 days (see Table 4 and Table 5 ). Finally, the validation of RegCM4-gauge onsets, cessation and duration of rainy season revealed a bias of less than 30 days and RMSE of less than 15 days over all stations but Saltpond. Pearson's correlation for both the rainfall onset and cessation typically ranged between 0.4 and 0.8. Negative correlations were however recorded for Tamale in the savannah zone, and the entire coastal zone. These findings support the forth and back migration of the ITD, which regulates the pressure system of West African Monsoon. In addition, topography and nature of land cover are major moderators of convective activities, and consequently, rainfall onsets and cessation. These factors were accounted for in RegCM4. Further study to assess the contributions of thermodynamic processes and other local effects is under consideration. These findings have very useful applications for water resource management, food security and other socio-economic activities in Ghana, considering their strong dependence on the dynamics of the rainfall season.
